Infrared spectroscopy, deuterium exchange kinetics and X-ray d i f f r a c t i o n experiments on H3-H4 complexes in the condensed state are described. Both s a l t -and acid-extracted material are shown to contain a-helix in an amount comparable to that found under d i l u t e solution conditions. Support for an anisotropic model of these complexes is provided.
tetramers. Because the torsional constraints and resistance to nuclease digestion exhibited by thp DNA i n these particles are similar to those in the i n t a c t nucleosome, i t has been suggested that H3 and H4 are the principal architectural determinants of the nucleosome. This viewpoint is further supported by the observation that the reconstituted H3-H4 DNA complex retains the characteristic chromatin low angle X-ray d i f f r a c t i o n pattern.
On t h e i r own, the argi nine rich histones constitute a strongly interacting system, with conformation and pattern of complex formation dependent on several variables. These include especially protein-concentration and ionic strength. Because H3-H4 complexes may be readily extracted 9 10 with salt from chromatin ' or may be reconstituted from acid-extracted 11 l ? purified hi stones, ' i t has proven possible to study their physical characteristics in isolation from DNA using a wide variety of physical techniques and under a variety of solvent conditions. Sedimentation velocity, circular dichroism, ' ' proton magnetic resonance SDectra , and antibody binding characteristics ' have been measured i n d i l u t e solution at different ionic strengths. At the higher ionic 19 strengths both salt-and acid-extracted tetramers (as well as a l l the I n on core histories ' ) have been found to associate i n t o various forms of organized high molecular weight s t r u c t u r e s . Optical d i f f r a c t i o n from 20 21 20 electron micrographs ' and three-dimensional reconstruction have been used to study these structures.
A composite picture drawn from these data i s summarized as f o l l o w s . I n d i l u t e solution (c ^1-15 mg/ml) and at moderate values of ionic strength (I£.3M), the tetrameric form of H3-H4 i s the dominant species, although some high molecular weight species may be present.
The tetramer has an anisotropic and/or non-compact shape ( f / f M .3-1.99), 10 13 14 ' ' containing up to approximately 30% a-helix and l i t t l e or no 6 forms, as measured by CD. ' ' . Although the presence of some perturbed resonances i n the NMR spectra i s indication of specific t e r t i a r y s t r u c t u r e , on average, the spectral features are more s i m i l a r to those of a p a r t i a l l y denatured protein than to those of a f u l l y compact, globular p r o t e i n . Antibodies raised aqainst a low salt form of the tetramer ( i n 0.05M NaOAc, pH 5.0) have been shown to react with chromatin and nucleosomes. On the other hand, i t is the high salt form of the tetramer, which does not react w i t h the antibodies, that appears to have secondary 1 ft s t r u c t u r a l features similar to those of histones i n chromatin.
At high ionic strengths, up to 1 = 2, the amount of a-helix increases to approximately 35%. Concomitantly, most of the material forms hiqh molecular weight s t r u c t u r e s , as evidenced by peak broadening of nuclear resonances and 1 p electron microscopy.
Optical d i f f r a c t i o n from electron micrograDhs of these structures supports a f i b r i l l a r , helical model f o r the pattern of 21 23 association. ' Three-dimensional reconstruction from electron micrographs of larger and symmetrically d i s t i n c t helical tubes of histone octamers, coupled w i t h cross-linking studies, has assigned to the H3-H4 20 tetramer a distorted horseshoe shape.
In t h i s communication we present a study of secondary and t e r t i a r y s t r u c t u r a l c h a r a c t e r i s t i c s of H3-H4 complexes i n the condensed s t a t e . The condensed state is viewed as promoting a high degree of i n t e r a c t i o n among the subunits. The data therefore describe a high density, highly associated system. Both acid-and salt-extracted histones are examined and the results compared. Salt-Extracted Histones. The extraction procedure used is similar to that described by Rhodes. Micrococcal nuclease digestion of nuclei from chicken erythrocytes produced chromatin from which HI was then removed on a Sepharose 4B column in 0.65M NaCl. This material was then concentrated in an Anricon cell through membrane XM50 and dialysed against 1M NaCl, 50mM P0 4 , pH 6.0 . Applying the chromatin to a hydroxylapatite column, washing in 1M NaCl, 50mM P0 4 , pH 6.0 results in the elution of H2A-H2B. H3-H4 is eluted when the salt concentration in the running buffer is raised to 2M. Sedimentation velocity was measured as i n Ref.12. X-Ray Diffraction Methods. Preparation of the H3-H4 complexes was followed by ultracentnfugation which produced a viscous gel suitable for X-ray specimens. In a l l cases, the solvent was 10 M sodium cacodylate pH 7.0, 0.3M NaCl. Fibers were prepared using a method similar to 25 that of Marvin et a l .
MATERIALS AND METHODS
Thin films were made by allowing a drop of the histone solution to dry down on a silicone-treated microscope slide and then l i f t i n g the f i l m with a razor blade. The f i l m was then cemented to a U-shaped support for examination by X-ray.
The X-ray d i f f r a c t i o n experiments were performed on a Searle camera using Franks optics.
The specimen to f i l m distance was determined by calibration against the NaCl power d i f f r a c t i o n ring at 2.86$. The camera was f i l l e d with helium which had f i r s t been bubbled through a saturated salt solution. The nominal relative humidity (abbreviation, r.h.) inside the camera was monitored with a hygrometer. X-rays were generated by the E l l i o t t rotating anode generator GX6 operating at approximately 35 KV and 25ma. with a 200u focussing cap and Cu target. Integrated intensities of X-ray reflections were measured by scanning with a Joyce-Loebl microdensitometer followed by planimetry of peak areas. Infrared Measurements and Deuterium Exchange. Films of H3-H4 were prepared as for X-ray analysis and then a i r dried on a AgCl support. Overly thick films were wiped with a moist tissue until adequate transmission was achieved. Measurements were made on a Perkin-Elmer 180 infrared spectrophotometer i n the linear absorbance mode with 2cm resolution. Dry a i r flushed the sample chamber.
Exchange of deuterium for hydrogen in the sample was accomplished by f i r s t drying the f i l m overnight over P,,0 5 and then introducing a reservoir containing 0.15ml deuterium oxide (Aldrich 99.999% purity) into the closed teflon sample chamber at 100% r . h . Beam transmission was via AgCl windows. Conformational Analysis of Infrared Spectra. Computational techniques for conformational analysis of infrared spectroscopic data have been described ?7 by Fraser and Suzuki.
For f i t t i n g the Amide I and I I bands of H3-H4 complexes we have used a model Lorentzian lineshape (full-width at halfheight ' v/lOcm ) derived from the infrared spectrum of a thin f i l m of Pfl filamentous bacterial virus. (C. Gilon, unpublished data). The short (<100A) pieces of coiled-coil a-helix which form the virus protein coat provide a very good model for imperfect secondary structural features expected in globular proteins, and superior to the frequently used models from polypeptide spectra.
RESULTS

Characterization of H3-H4 Complexes
Gel chromatography of cross-linked complexes provides a stringent test of the renaturation of acid-extracted histones. ' To monitor the reassembly of H3-H4 complexes from acid-extracted histones, aliquots were taken at intervals during slow step dialysis against increasing concentrations of NaCl, and after cross-linking with dimethyl suberimidate, subjected to gel electrophoresis on SDS -containing 13% polyacrylamide gels. For short cross-linking times (Fig. l a ) , the H3-H4 dimer i s seen to be the dominant interacting species. Cross-linkinq for longer times (Fig. lb) produced the heterotetramer and higher order oligomers, of which the dimer must be the fundamental building block. This result is consistent with earlier descriptions of cross-linking of the tetramer and of i t s equilibrium with the dimer ' and higher order oliqomers. Further-29 more, the patterns are similar to those obtained by Hyde and Walker in cross-linking experiments on (HI, H2A and H2B)-depleted chromatin.
The salt-extracted H3-H4 complex was characterized by gel electrophoresis on SDS-containing 15% polyacryl amide slab gels and sedimentation velocity measurements (results not shown). With protein concentration Figure 1 . Densitometer scans of gel electroDhoresis natterns of crosslinked H3-H4 prepared from acid extracted histories, (a) Brief crosslinking of H3-H4 complexes at various ionic strengths. 1. H3-H4, 4mg/ml, 1=0.15, 5°, 15min. cross-linking. 2. H3-H4, 4mg/ml, 1=0,3, 5°, 15min. cross-linking. 3. H3-H4 of (2) concentrated 10-fold, 1=0.3, 5°, 5min. cross-linking. 4. H4 lmg/ml, 1=0.15, 30min. cross-linking, (b) H3-H4, 4mg/ml, 1=0.3, 5°, 4 hrs. cross-linking; t r -trimer; p -pentamer; hhexamer; 0 -octamer. The apparent molecular weight of the H3-H4 tetramer is 53000 and that of the octamer 110.000 . Gels were calibrated with crosslinked H4 (a4) and cross-linked H3 (not shown).
-v2 mg/ml, in sodium cacodylate buffer, pH 7.0, I=0.3M NaCl, over 80% of the material sedimented as a single well defined peak with S 20 y=2.9 .
The remainder moved rapidly as aggregates.
Infrared Spectroscopy and Deuterium Exchange Kinetics. Figure 2 shows tne infrared spectra obtained from thin films of (1) acid-extracted, reassembled H3-H4, and (2) salt-extracted H3-H4 in the region from 1750cm" to 1425cm" . This spectral region contains two broad, prominent bands: the Amide I band, centered at 1650cm , due largely to the C-0
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Wave number (cm" 1 ) Figure 2 . Infrared SDectra of thin films of (1) acid-extracted, reassembled H3-H4 ( ), and (2) salt-extracted H3-H4 ( -) .
stretching vibration of the amide group and the Amide I I , of which 60% is assigned to the N-H deformation mode, centered at about 1540cm" . The Amide A band (not shown), due to the N-H stretching vibration, is asymmetric, with the peak occurring at %3280cm" . With respect to a l l these spectral features, no significant differences between the two samples were noted. Analyses to be described subsequently were carried out on specimen (2).
The frequencies of the molecular vibrations responsible for the Amide I and Amide I I bands are sensitive to the conformation of the polypeptide chain. Therefore, the intensity distributions within the bands contain information about the relative amounts of a-helix, B-sheet, random c o i l , etc. present in H3-H4 complexes. We have employed curve f i t t i n g procedures to obtain useful estimates of these relative amounts. The Amide I band was approximately f i t to two Lorentzian shaped absorption bands -one centered at 1655cm" (a-helix+random) the other at 1630cm" (8-sheet) -with a fixed line width of i40cnf . Other possible structural forms such as B -turns as well as weak contributions from side chains were not separately considered. The approximations used were such as to most l i k e l y overestimate the amount of 6-sheet present. Withal, this amount was found to be %20-25% of the polypeptide chains.
In order to separate the relative contributions to the 1655cm" peak from a-helical and random coil regions, we measured the kinetics of the exchange of deuterium for hydrogen in the H3-H4 thin f i l m . (That the film readily absorbs water is apparent from the strong water absorption bands which are present i f the sample is not f i r s t dried over P20c)« The integrated intensity of the band at 1540cm" is proportional to the number of unexchanged N-H groups remaining in the film at a given time. N-H groups participating in intramolecular hydrogen bonds within regions of well defined secondary structure (a-helix or B-structures) w i l l exchange more slowly; those groups readily interacting with solvent molecules (random coil) w i l l exchange more rapidly. Figure 3 shows the spectrum in the Amide I-Amide I I region 1137 minutes after exposure to D2O. The 1540cm" band is evidently diminished in relative intensity (cf. Figure 2) , while the rising edge at 1470cm" indicates the growing Amide I I peak at 1440cm" (not shown), due to the newly formed N-D groups. There has also been a shift of approximately -20cm of part of the Amide I absorption due to the fraction of the material which has exchanged.
Monitoring the kinetics of the substitution results in the curve of Fig. 4 . The logarithm of the fraction of NH bonds which has not exchanged (9^|) is plotted as a function of time. Uncertainty in determining the baseline for integration particularly at the longest times, results in an estimated error in the data of up to ±10%. Although the tertiary fold of a globular protein can give rise to many distinct exchange classes, our data, to a f i r s t approximation, may be analysed in terms of two populations. I t may readily be seen that within a short time after exposure to D 2 0 (£280min) approximately 35% of the N-H groups have undergone exchange. Extrapolation of the data predicts that the remainder would take at least three days to exchange. We can correlate the rapidly exchanging and slowly exchanging populations with segments of the polypeptide chains involved to a lesser or greater degree respectively in regions of well defined secondary structure. Combining these results with those obtained from the curve f i t t i n g procedure, we may make an estimate of the relative amounts of different secondary structural forms present in H3-H4 comDlexes in the condensed state: "^40% a-helix, ^25% 3-sheet, and ^35% random. The i n t r oduction of more classes for our data (e.g. a similar experiment on E.coli 32 lac represser was analysed in terms of three time constants) would only reduce the fraction of amide groups assigned to the most rapidly exchanaina fraction and thus to the random component.
X-Ray Diffraction. The X-ray diffraction from a thin film of H3-H4 a significant degree of molecular alignment has been achieved. Polarized l i g h t microscopy and the presence of an isotropic intensity distribution when the X-ray beam is perpendicular to the plane of the f i l m show that the molecular orientation is uniplanar. Comparison with d i f f r a c t i o n from specimens with fibre geometry (Fig. 6) indicates that complexes are elongated along the vertical axis, i . e . the meridian. The degree of linear polymerization is not known, but electron microscopic examination of a specimen prior to centrifugation 12 21 23 revealed fibrous particles which, like those observed previously ' ' were several thousands of Angstroms long, 40-80A wide and composed of discrete subunits. The anisotropy of the X-ray data is consistent with an orderly arrangement of subunits to form long fibres as well as with a specific orientation of secondary structural features within one subunit, as w i l l be detailed below.
The spacings of the dominant reflections in the pattern are those 33 34 reported earlier for whole histone and core histone i n high s a l t : diffuse scattering centered at 1 OA and 4A and sharp reflections at 4.7A o and 3.8A. The same reflection spacings are observed for specimens of purified histone complexes H2A-H2B, but in that case the 10A reflection Figure 5 . X-ray diffraction pattern from a thin film of acid-extracted, reassembled histones H3-H4 at 322 relative humidity, with the beam in the plane of the film and the film plane vertical. Specimen to film distance 4.4cm, enlargement x l . The sharp spots towards the periphery of the film are diffraction from NaCl. The residual Kg content of the beam is estimated to be approximately 10% (film 365). Figure 6 . X-ray diffraction pattern from a fibre of acid-extracted reassembled hi stones H3-H4 (^225y diameter) at 34% relative humidity, fibre axis vertical. Specimen to film distance, 4.6cm, enlargement x l .
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is isotropic (E. Wachtel, unpublished data). The reflection to the inside of the 4.7A arc is attributed to trace contamination of the beam by CuKB. The low angle continuous equatorial scattering with intramolecular interference peak at 36A is quite weak in both patterns and the absence of low angle meridional diffraction indicates inadequate orientation and/or a lack of contrast between subunits along the elongated structure. All pattern characteristics were observed to be relatively independent of whether the histones had been salt-or acid-extracted. Variation in the amount of time elapsed between pelleting, specimen preparation and diffraction did not appear to affect the results.
The broad 10A reflection (horizontal full width at half height°-l M/25A ) is concentrated in the equatorial region. This orientation is quantitated in Fig. 7a which shows the angular variation of intensity within the reflection for four of the best oriented specimens. Microdensitometer tracings were taken at various values of 8, i.e. the angle between the meridian SFT and the scattering vector 05" (see Fig. 7b ). The area under each curve was measured and normalized to the value at 6=90°, which for each data set was set equal to unity. The data describe a curve which peaks at the equator falls to one half of peak intensity at 9^5°, and, with a long gradual t a i l , approaches a relative intensity value of ^0.35 at the meridian. The intensity distribution of the 10A reflection may be analysed further to determine the deviation from isotropic of the distribution of structural units contributing to the reflection. Following Vainshtein, we calculate from our data an approximate probability P(a) of finding that a structural unit defined by vector OB" and scattering in the direction DT (see Fig. 7b ) lies at an angle a with respect to the meridian. The cor-responding probability is calculated for an isotropic distribution and this is subtracted from P(a) to give AP(a). AP(a) is plotted in Fig. 8 . The approximations involved in the calculation especially for thin film specimens are such as to shift the entire curve a few degrees to larger a. ' Nevertheless, we see that for H3-H4 complexes there is a significant increase of scattering units distributed near a=20° as compared with isotropic material. Since the distribution observed is the convolution of the disorientation function of the fibers with the angular distribution of structural features within the subunits comprising the fibers, the actual subunit anisotropy is likely to be even more marked than is noted here. the meridian determined the f u l l width at half-height to be ^l/70A , sufficiently sharp to be consistent with a subunit interference peak. T i l t i n g the fibre specimen did not reveal any additional detail in this region (diffraction pattern not shown).
DISCUSSION
In this study we have examined structural features of H3-H4 complexes in the condensed state and at high ionic strength. Both acid-and saltextracted hi stones were used. Cross-linking experiments attested to the native character of the acid-extracted, reassembled material, and in the cases where parallel structural studies were performed, the results were similar for the two preparations. From the analysis of the infrared spectrum and the deuterium exchange kinetics of H3-H4 thin films, we estimate the fraction of the complex in the a-helical configuration to be approximately 40%. This is comparable to the maxi mum a-helical content of the H3-H4 tetramer in dilute solution at high ionic strength and would suggest that helical regions are conserved during condensation. There may also be up to 25% 3-sheet.
In our work, the B-sheet in histone H3-H4 is seen to be a consequence of condensation. Once the complex has been prepared, the proteins do not pass through an obviously denaturing procedure at a subsequent stage. No significant differences are found between salt-and acid-extracted material. Dry gel specimens and those which have never been dried have the same X-ray diffraction pattern except for the water diffraction ring near 3A. However, i t is clear that in comparison with the results of solution studies on H3-H4, a random to 6 transition does occur, reflecting the tendency to structural polymorphism which was described earlier for the histones under varvinq conditions of concentration and ionic strength.
We have shown that under our experimental conditions, the X-ray diffraction pattern of H3-H4 complexes demonstrates marked anisotropy. Such anisotropy is consistent with the existence of fibrous structures like 12 iQ ?3 those previously observed. ' • However, the X-ray results further demand that the subunits of which the fibres are built must themselves be structurally anisotropic. (No similar anisotropy is found for H2A-H2B complexes). I t cannot be deduced from the X-ray data whether the subunit is dimeric or tetrameric. However optical diffraction from electron micro-19 ?3 graphs of fibres are consistent with a tetrameric subunit. ' Analysis of the medium angle equatorial diffraction shows that each subunit contains structural features spaced about 10S apart, and oriented with a distribution which peaks relative to isotropic, at ^20° from the meridian. These structural features diffract coherently over a region only ^25A in horizontal extent. Such diffraction characteristics are consistent with the existence of between 2-4 a-helices with their long axes lying parallel to or making a small angle with one another and to the fibre axis. Alternatively, the diffraction could arise from 2-3 Bsheets where the planes of the sheets are analogously distributed, or from a superposition of helix and sheet.
Given the present data, the contribution from each type of secondary structure to the 10A reflection cannot be distinguished. If both contribute, then both structural features must be similarly oriented within the subunit and with respect to the fibre axis. The finding of such an anisotropic distribution of secondary structural features in H3-H4 complexes complements and extends the modefc of the tetramer as nonglobular ' ' 20 and resembling a distorted horseshoe in shape.
From the point of view of function, the fact that helical regions are a constant feature of H3-H4 complexes and that small groups of interacting a-helices can provide structural rigidity suggests that i t may be this feature which is important for the folding of DNA. Conversely, the instability of the 8-sheet component renders its significance uncertain.
